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We propose an efficient free-space scheme to create single photons in a well-defined spatio-temporal
mode. To that end, we first prepare a single source atom in an excited Rydberg state. The
source atom interacts with a large ensemble of ground-state atoms via a laser-mediated dipole-
dipole exchange interaction. Using an adiabatic passage with a chirped laser pulse, we produce a
spatially-extended spin-wave of a single Rydberg excitation in the ensemble, accompanied by the
transition of the source atom to another Rydberg state. The collective atomic excitation can then
be converted to a propagating optical photon via a coherent coupling field. In contrast to previous
approaches, our single-photon source does not rely on the strong coupling of a single emitter to
a resonant cavity, nor does it require the heralding of collective excitation or complete Rydberg
blockade of multiple excitations in the atomic ensemble.
Single photons can serve as flying qubits for many im-
portant applications, including all-optical quantum com-
putation and long-distance quantum communication and
cryptography [1, 2]. Various sources of single photons
are being explored; most of them use single emitters cou-
pled to resonant cavities or waveguides [3–10]. Free-space
schemes typically rely on the Duan-Lukin-Cirac-Zoller
protocol [11] for the low-efficiency heralded preparation
of a collective spin excitation of an atomic ensemble fol-
lowed by its stimulated Raman conversion into a photon
[12–14]. Creating a deterministic source of single photons
without requiring coupling to resonant optical structures
remains an outstanding challenge. Here we show how,
in a free-space setting, the remarkable properties of Ryd-
berg atoms can be used to map a single atomic excitation
on a single photon emitted into a well-defined spatial and
temporal mode.
Atomic Rydberg states with high principal quantum
numbers n ≫ 1 have long lifetimes τ ∝ n3 and strong
electric dipole moments ℘ ∝ n2 [15]. The resulting long-
range, resonant (exchange) and nonresonant (dispersive
or van der Waals) dipole-dipole interactions between the
atoms can suppress more than one Rydberg excitation
within a certain blockade distance [16–19]. An ensemble
of atoms in the blockaded volume can be viewed as an
effective two-level Rydberg superatom [16, 19–23]. A sin-
gle collective excitation of the superatom can be created
by resonant laser(s) and then converted to a photon in a
well-defined spatio-temporal mode [24–29].
There are several complications associated with the
efficient creation of a single coherent Rydberg excita-
tion in an atomic ensemble and its deterministic con-
version into a photon. Creating only a single excitation
requires a completely blockaded atomic ensemble. Ef-
ficient conversion of the excitation into a photon in a
well-defined spatio-temporal mode requires a large opti-
cal depth. Hence, the blockaded volume should accom-
modate many atoms, which presumes strong, long-range,
isotropic interactions. The van der Waals interactions be-
tween Rydberg excited atoms can be nearly isotropic [30],
but a blockade range much beyond 10 µm is difficult to
achieve. The large optical depth of the blockaded volume
requires a high atomic density which, however, leads to
a strong decoherence of the Rydberg-state electrons [31]
and may involve molecular resonances of Rydberg ex-
cited atoms [32]. Dipole-dipole interactions have a longer
range, which allows using larger atomic ensembles with
lower densities. Compared to the van der Waals interac-
tion, however, the dipole-dipole interactions are “softer”,
leading to incomplete suppression of multiple Rydberg
excitations within the blockade distance [33].
In contrast, preparing a single, isolated atom in an
excited state with high fidelity is relatively easy. We
propose an efficient free-space technique to convert this
excitation into a single photon in a well-defined mode,
without resorting to strong coupling of the atom to a
single cavity mode [3–6]. Instead, we use long-range
dipole-dipole exchange interactions between the Rydberg
states of atoms to map the Rydberg excitation of the sin-
gle “source” atom onto a collective Rydberg excitation
of an ensemble of “medium” atoms. The mapping effi-
ciency is boosted by the collectively enhanced coupling
of the source atom to many medium atoms, but a com-
plete Rydberg blockade or strong interactions among the
medium atoms are not required. Subsequently, using a
coupling laser pulse, the collective excitation of the en-
semble of medium atoms having a large optical depth
can be converted into a single photon propagating in a
phase-matched direction.
We note a closely related recent proposal to realize a
chiral light-atom interface by transferring the state of a
single atom to a spatially ordered array of atoms which
acts as a phased-array optical antenna for photon emis-
sion into a well-defined spatial mode [34].
Consider the system shown schematically in Fig. 1.
We assume that a single source atom, having a strong
dipole-allowed microwave transition with frequency ωud
between the Rydberg states |u〉 and |d〉, is trapped in a
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FIG. 1. Schematics of the system. A single “source”
atom is initially prepared in the Rydberg state |u〉 (top
left). The transition |u〉 → |d〉 of the source atom is cou-
pled non-resonantly to the Rydberg transition |i〉 → |s〉 of
the “medium” atoms (top right) with the dipole-dipole ex-
change interaction D. All medium atoms are initially in the
ground state |g〉. A laser pulse couples |g〉 to the interme-
diate Rydberg state |i〉 with Rabi frequency Ω and detun-
ing ∆ ≫ |Ω|, D. Together with the dipole-dipole exchange
|i〉 |u〉 → |s〉 |d〉, this leads to the transition |g〉 → |s〉 of the
medium atoms detuned by δ. The resulting single Rydberg
excitation of the medium atoms has the spatial amplitude pro-
file S(r) ∝ D(r−rs). The stored excitation can be converted
to a propagating photon E by applying the control field Ωc on
the transition from |s〉 to the electronically excited state |e〉.
well-defined spatial location that can be addressed with
focused lasers. The source atom can be transferred from
the ground state to the excited state |u〉 with unit prob-
ability (see Fig. 1 top left), by either a resonant laser
pi-pulse or via an adiabatic transfer with a single chirped
or a pair of delayed laser pulses [35, 36].
Consider next an ensemble of N ≫ 1 medium atoms.
The relevant states of the atoms are the ground state
|g〉, a lower electronically excited state |e〉 and a pair of
highly excited Rydberg states |i〉 and |s〉 having a strong
dipole-allowed transition with frequency ωsi (see Fig. 1
top right). A spatially uniform laser field couples non-
resonantly the ground state |g〉 to the Rydberg state |i〉
with time-dependent Rabi frequency Ω and large detun-
ing ∆ ≡ ω−ωig ≫ |Ω|. The medium atoms interact with
the source atom via the dipole-dipole exchange |i〉 |u〉 ↔
|s〉 |d〉. To be specific, we assume that the corresponding
dipole matrix elements of the medium and source atoms,
℘si and ℘du, are along the y direction. The exchange
interaction strength is then D(R) = C3|R|3 (1 − 3 cos2 ϑ),
where C3 =
℘si℘du
4πǫ0h¯
, R ≡ (r − rs) is the relative posi-
tion vector between an atom at position r and a source
atom at rs, and ϑ is the angle between R and ℘si,du
(y direction). We assume a large frequency mismatch
∆sa ≡ ωud − ωsi ≃ −∆, |∆sa| ≫ D(R) ∀ R, which re-
quires positioning the source atom outside the volume
containing the medium atoms (see below).
In the frame rotating with the frequencies ω and ωud,
the Hamiltonian for the system is
H1/h¯ = −
N∑
j=1
{
∆ |i〉j〈i| + δ |s〉j〈s| ⊗ |d〉s〈d|
+(Ωeik0·rj |i〉j〈g| +H.c.)
−[D(Rj) |s〉j〈i| ⊗ |d〉s〈u| +H.c.]
}
, (1)
where the index j enumerates the medium atoms at posi-
tions rj , k0 ‖ ez is the wave vector of the laser field, and
δ ≡ ∆+∆sa = ω+ωud−ωsg is the detuning of the prod-
uct state |s〉 |d〉. Since the intermediate Rydberg level
|i〉 is strongly detuned, ∆ ≃ −∆sa ≫ |Ω|, D, |δ|, we can
eliminate it adiabatically. We then obtain an effective
Hamiltonian
H˜1/h¯ = −
∑
j
[
δ˜j |s〉j〈s| ⊗ |d〉s〈d|
+(D˜je
ik0·rj |s〉j〈g| ⊗ |d〉s〈u| +H.c.)
]
, (2)
where δ˜j ≡ δ˜(Rj) = δ + |Ω|
2−|D(Rj)|2
∆ is the shifted de-
tuning of |s〉j |d〉 and D˜j ≡ D˜(Rj) = −D(Rj)Ω∆ is the
second-order coupling between |g〉j |u〉 and |s〉j |d〉. δ˜(R)
has a weak position dependence stemming from the level
shift |D(R)|
2
∆ of |s〉 due to the non-resonant dipole-dipole
coupling, while the level shift |Ω|
2
∆ of |g〉 is uniform.
Let us for the moment neglect the (weak) spatial de-
pendence of δ˜, i.e., assume that all the medium atoms
have the same |g〉 → |s〉 transition frequency. Since
by flipping the source atom |u〉 → |d〉 we can create at
most one Rydberg excitation in the medium, we intro-
duce the ensemble ground state |G〉 ≡ |g1, g2, . . . , gN 〉
and a single collective Rydberg excitation state |S〉 ≡
1
D¯
∑N
j=1 D˜je
ik0·rj |sj〉 ( |sj〉 ≡ |g1, g2, . . . , sj, . . . , gN 〉)
with D¯ ≡ (∑Nj |D˜j |2)1/2. The Hamiltonian (2) then
reduces to that for a two-level system,
H˜1 = −h¯
(
0 D¯
D¯ δ˜
)
(3)
in the basis of states { |G, u〉, |S, d〉}. The eigenstates
and corresponding eigenvalues of this Hamiltonian are
|±〉 = [ ∓ λ∓ |G, u〉 ± D¯ |S, d〉]/
√
λ2∓ + D¯2 and λ± =[
δ˜±
√
δ˜2 + 4D¯2
]
/2. In the limit of large negative detun-
ing −δ˜ ≫ D¯, |+〉 ≃ |G, u〉 with λ+ ≃ 0 coincides with
the ensemble ground state. In the opposite limit of large
positive detuning δ˜ ≫ D¯, |+〉 ≃ |S, d〉 with λ+ ≃ δ˜ cor-
responds to the collective Rydberg excited state of the
ensemble. We can thus use the adiabatic passage [36] to
convert the system from the initial ground state |G, u〉
to the Rydberg excited state |S, d〉, by applying a laser
pulse with a chirped frequency ω = ω0 + α(t − t0), such
that δ˜ = α(t − t0) is large and negative at early times
t < t0 and is large and positive at later times t > t0.
3Provided the chirp rate satisfies α < D¯2, the probabil-
ity P |+〉→ |−〉 = e−2πD¯
2/α of nonadiabatic Landau-Zener
transition to the eigenstate |−〉 will be small [36]. Since
the coupling D¯ is collectively enhanced by the number
N ≫ 1 of the medium atoms interacting with the source
atom, we can use high chirp rates α to prepare the system
with nearly unit probability in state |S, d〉. Moreover, we
can verify the successful preparation of the medium in the
collective state |S〉 by detecting the source atom in state
|d〉 [44]. We note that the adiabatic preparation of spa-
tially ordered Rydberg excitations of atoms in a lattice
using chirped laser pulses was studied in Refs. [37–41].
We have performed exact numerical simulations of the
dynamics of the system using realistic atomic parame-
ters [44]. We place N ≫ 1 ground-state |g〉j atoms in
an elongated volume at random positions rj normally
distributed around the origin, x, y, z = 0, with stan-
dard deviations σz > σx,y. The source atom initially
in state |u〉 is placed at a position rs close to the cen-
ter of the longitudinal extent of the volume and well
outside its transverse width. We apply to the atoms a
pulsed and chirped laser field with the Rabi frequency
Ω and two-photon detuning δ shown in Fig. 2(a). We
simulate the evolution of the state vector of the system
|Ψ1〉 = c0 |G〉⊗ |u〉+
∑N
j=1 cje
ik0·rj |sj〉⊗ |d〉, taking into
account the decay and dephasing of the Rydberg states
[44]. The resulting dynamics of populations PG ≡ |c0|2
and PS ≡
∑
j |cj |2 are shown in Fig. 2(b). We obtain a
single collective Rydberg excitation |S〉 of the atomic en-
semble with high probability PS >∼ 0.977, which is slightly
smaller than unity mainly due to the decay and dephas-
ing. In Fig. 2(c) we show the final spatial distribution
of the Rydberg excitation density ps(r) ∝ |D˜(r − rs)|2
which follows the dipole-dipole interaction strength. Our
simulations verify that we can reliably prepare a spin
wave of single collective Rydberg excitation |S〉 with the
spatial wave function
S(r) ≃ −
√
ρ(r)D(r − rs)√∫
dr3ρ(r)D2(r − rs)
eik0·r.
Consider now the conversion of the collective Rydberg
excitation of the atomic medium into a photon. To that
end, we use a control laser field with wave vector kc
and frequency ωc = ckc acting resonantly on the tran-
sition |s〉 → |e〉 with the Rabi frequency Ωc. The atomic
transition |e〉 → |g〉 is coupled with strengths gk,σ to
the quantized radiation field modes aˆk,σ characterized
by the wave vectors k, polarization σ and frequencies
ωk = ck. We take kc ‖ k0 so as to achieve resonant
emission of the photon in the phase-matched direction,
k = k0−kc ‖ ez. The frequency and wave number of the
Rydberg microwave transition can be neglected in com-
parison with those of the optical transitions. In the frame
rotating with frequencies ωrg and ωc = ωre (interaction
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FIG. 2. Preparation of a single collective Rydberg excita-
tion of an atomic ensemble. (a) Time dependence of Rabi
frequency Ω (left vertical axis) and two-photon detuning δ
(right vertical axis) of the driving laser. (b) Dynamics of
populations PG and PS of the collective ground and sin-
gle Rydberg excitation states of the atoms. (c) Final spa-
tial distribution of the Rydberg excitation in an elongated
volume containing the atoms: The main panel shows the
density of excitation ps(z) along the longer z axis of the
volume (integrated over the transverse x and y directions),
while the left and right insets show the densities ps(x) and
ps(y) along x and y. We average over 2000 independent
realizations of the ensemble of N = 1000 atoms with the
peak density ρmax ≃ 10µm
−3 and Gaussian distribution with
σx,y = 1 µm and σz = 6 µm. The source atom is placed
at xs = 7 µm, ys, zs = 0. In the simulations, we take the
peak Rabi frequency Ωmax = 2pi × 10 MHz, the Rydberg
state decay Γs = 10 kHz and dephasing γsg = 10 kHz, and
we use the atomic parameters corresponding to a Cs source
atom with |u〉 ≡ 70P3/2 and |d〉 ≡ 70S1/2, and Rb medium
atoms with |i〉 ≡ 58P3/2 and |s〉 ≡ 57D5/2 [44]. With the
intermediate state detuning ∆ = 9.4Ωmax and the dipole-
dipole interaction coefficient C3 = 11.7GHz µm
3, the medium
atoms near the cloud center experience the strongest interac-
tion D ≃ 2pi × 5.4 MHz. The corresponding second-order
transition rate is D˜max ≃ 2pi × 0.6 MHz, while the collective
coupling rate is D¯ ≃ 2pi × 13 MHz.
picture), the Hamiltonian reads
H2/h¯ = −
N∑
j=1
[∑
k,σ
gk,σaˆk,σe
ik·rje−i(ωk−ωeg)t |e〉j〈g|
+Ωce
ikc·rj |s〉j〈e| +H.c
]
. (4)
The state vector of the system can be expanded as |Ψ2〉 =∑N
j=1
[
cje
ik0·rj |sj〉 + bj |ej〉
] ⊗ |0〉 + ∑k,σ ak,σ |G〉 ⊗
|1k,σ〉, where |ej〉 ≡ |g1, g2, . . . , ej , . . . , gN〉 and |1k,σ〉 ≡
aˆ†k,σ |0〉 denotes the state of the radiation field with one
4photon in mode k, σ. Using the standard procedure [44],
we obtain that the atomic state |e〉 spontaneously de-
cays with rate Γe. Assuming Γe ≫ |Ωc| and eliminat-
ing bj leads to the solution for the amplitudes of photon
emission into states |1k〉,
ak(t) = −g˜k(t)
∑
j
cj(0)e
i(k0−kc−k)·rj , (5)
where g˜k(t) ≡ gk
∫ t
0
dt′ Ω
∗
c (t
′)
Γe/2
ei(ωk−ωeg)t
′
e−
∫
t′
0
dt′′ |Ωc(t
′′)|2
Γe/2
and for simplicity we drop the polarization index σ as-
suming scalar and isotropic emission by individual atoms.
In the case of a time-independent control field Ωc, the di-
mensionless coupling reduces to g˜k ≃ gkΩ
∗
c
Γe(ωk−ωeg)/2+i|Ωc|2
for t ≫ w−1. The probability distribution of emitted
photon Pk = |ak|2 is thus strongly peaked at frequency
ωk = ωeg with a narrow linewidth w =
|Ωc|2
Γe/2
, and has a
narrow angular distribution around k = k0 − kc ‖ ez as
shown in Fig. 3. Our simulations reveal that the state
of the emitted photon |ψph〉 =
∑
k ak |1k〉 is largely in-
sensitive to the microscopic details of various realizations
of the atomic ensemble. Note that the efficient conver-
sion of the atomic excitation into a photon requires a
collinear geometry kc ‖ k0 for resonant emission at fre-
quency ωp = c|k0 − kc| ≃ ωeg, while even a small in-
clination kc 6 k0 6= 0 disturbs the phase matching in a
spatially extended atomic medium and reduces the prob-
ability of photon emission into the well-defined spatial
direction. In the presence of the control field Ωc, the res-
onant photon propagating in the optically dense medium
in the z direction is subject to electromagnetically in-
duced transparency (EIT) [12], which suppresses photon
reabsorption and scattering [44].
Similar to cavity QED schemes [3–6] employing stim-
ulated Raman adiabatic passage [35, 36], we can cre-
ate a single photon directly, populating only virtually
the Rydberg state |s〉. To that end, we assume a con-
stant control field |Ωc| < Γe/2 and small decay and
two-photon detuning of the Rydberg state Γs, δ˜j ≪
w. We then obtain a solution for the photon ampli-
tudes as in Eq. (5) with cj(0) → −Dj/∆ and g˜k(t) ≡
gk
∫ t
0 dt
′Ω(t)
Ωc
ei(ωk−ωeg)t
′
e−
∫
t
0
dt′′ D¯
2(t′′)
w [44]. Thus, with
the source atom in state |u〉, the medium atoms in the
collective ground state |G〉, and the control field Ωc 6= 0,
by turning on the excitation laser Ω we produce a single
photon on the atomic transition |e〉 → |g〉. This single-
photon wave packet is emitted with high probability into
the direction of k ≃ k0 − kc ‖ ez, while its temporal
shape can be manipulated by the time dependence of
Ω(t). The emission of the optical photon is accompanied
by the transition of the source atom to state |d〉, which
terminates the conversion process, even if Ω 6= 0. To pro-
duce another photon, we have to reset the source atom
to state |u〉.
In summary, we have presented a new scheme for ef-
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FIG. 3. Angular probability distribution of the photon emit-
ted by the atomic medium. In the upper polar plot, the polar
angle θx is varied in the x−z plane (azimuth ϕ = 0, pi); in the
lower plot, the polar angle θy is varied in the y− z plane (az-
imuth ϕ = pi/2, 3pi/2). The red solid line corresponds to the
control field wave vector kc ‖ k0 and the blue dashed line to
a small inclination kc 6 k0 = 0.04pi. In the collinear geometry
(red solid line), the resulting angular width (FWHM) of the
emitted radiation is ∆θx ≃ 0.07pi and ∆θy ≃ 0.068pi, and the
total probability of radiation emitted into the phase-matched
direction z within the solid angle ∆Ω = 2pi(1− cos∆θ), with
∆θ ≃ 0.07pi, is ∼ 0.74. The plots are obtained from a single
realization of random positions of Rb atoms with the parame-
ters in Fig. 2, but the quantum state of the emitted radiation
|ψph〉 is highly reproducible for different realizations (m,m
′)
of the atomic ensemble, |〈ψ
(m)
ph |ψ
(m′)
ph 〉|
>
∼ 0.96PS .
ficient single-photon production, controlled by a single
source atom prepared in an appropriate Rydberg state
and playing the role of a switch. The dipole-dipole
exchange interaction with the source atom enables sin-
gle collective Rydberg excitation of the atomic ensemble
without the requirement of a full blockade of the entire
ensemble. Detailed numerical simulations with realistic
experimental parameters demonstrate that this excita-
tion can be converted into a single photon emitted into a
well-defined spatio-temporal mode with better than 70%
probability. The probability that the photon is coher-
ently emitted into the small solid angle ∆Ω ≃ 0.15 sr
(see Fig. 3) is given approximately by P∆Ω ≃ ηN∆Ω/4pi
[25], where η ≃ 0.6 is the effective fraction of the medium
atoms participating in the collective Rydberg excitation
|S〉 (see Fig. 2(c)). This probability can be enhanced
by increasing the atom number N , which may, however,
lead to increased Rydberg state dephasing.
In our analysis, we assumed an ensemble of atoms at
random positions and with moderate density and ne-
glected the vacuum field-mediated interactions between
the atoms on the optical transitions. Recently, Grankin
et al. [34] have shown that imprinting an appropriate
spatial amplitude and phase on an array of atoms with
subwavelength spacing and coupled to a single atom in
the same way as in our proposal can further enhance the
photon emission probability into the predefined Gaus-
sian (paraxial) mode of the radiation field, which can be
used for quantum state transfer between distant atoms in
free-space quantum networks. We finally note that our
method to convert a single atomic excitation to an optical
5photon can be used for microwave to optical conversion
in hybrid quantum interfaces [42, 43]. For example, the
source atom can be replaced by a superconducting qubit,
which can strongly couple to the Rydberg states of the
medium atoms by a microwave transition.
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7SUPPLEMENTARY MATERIAL
In these notes, we present the details of derivation
of the equations describing the spatially-extended single
Rydberg excitation in the atomic ensemble and its sub-
sequent conversion to a propagating optical photon. We
also present possible choices of atoms and their Rydberg
states and discuss the influence of multiple atomic excita-
tions and transitions to other states on the performance
of the single-photon source.
Creation of a single collective Rydberg excitation in
the atomic ensemble
We consider the dynamics of the medium atoms cou-
pled to the source atom and driven by a chirped laser
field, as described in the main text. The state vector of
the combined system can be expanded as
|Ψ1〉 = c0 |G〉 ⊗ |u〉+
N∑
j=1
cje
ik0·rj |sj〉 ⊗ |d〉, (6)
where |G〉 ≡ |g1, g2, . . . , gN 〉 and |sj〉 ≡
|g1, g2, . . . , sj , . . . , gN〉. The time evolution is gov-
erned by the Schro¨dinger equation ∂t |Ψ1〉 = − ih¯H˜1 |Ψ1〉
with the Hamiltonian (2) of the main text, which leads
to the system of coupled equations for the amplitude c0
and the slowly varying in space amplitudes cj :
∂tc0 = i
N∑
j=1
D˜∗j cj , (7a)
∂tcj = i(δ˜j − Γs/2)cj + iD˜j c˜0. (7b)
We assume that the medium atoms in the Rydberg state
|s〉 spontaneously decay with rate Γs to other states |o〉 6=
|g〉 which are decoupled from the laser and thereby the
dynamics of the system. The atomic system is thus not
closed, and the evolution is non-unitary, with a loss of
norm of |Ψ1〉 that ultimately reduces the photon emission
probability.
We can also include the dephasing γsg of the Rydberg
state with respect to the ground state by randomly mod-
ulating in time the detunings δ˜j of individual atoms. In-
deed, for any pair of atomic state |a〉 and |b〉, the dephas-
ing with rate γ would result in the decay of the atomic
coherence ρab = cac
∗
b as ρab(t) = ρab(0)e
−γt. In the dif-
ferential equations for the amplitudes ca and cb of states
|a〉 and |b〉, we can model this dephasing by adding to
the energy of state |b〉 (or to the detuning δ) a stochastic
term ς(t) corresponding to a Gaussian random variable
with the variance 〈ς2〉 = σ2. It is then easy to verify that
in the coarse-grained integration of equations for c˙a and
c˙b with small time steps dt, the variance should be set to
〈ς2〉 = 2γ/dt.
Conversion of the collective Rydberg excitation to
an optical photon
We next consider the atomic ensemble prepared ini-
tially in state |S〉 =∑Nj=1 cjeik0·rj |sj〉. As described by
the Hamiltonian (4) of the main text, a resonant con-
trol laser with the Rabi frequency Ωc is applied to the
the atomic transition |s〉 → |e〉, while the transition
|e〉 → |g〉 is coupled with strengths gk,σ = ℘eg ·ek,σh¯
√
h¯ωk
2ǫoV
to the quantized radiation field modes within the quan-
tization volume V . We expand the state vector of the
system as
|Ψ2〉 =
N∑
j=1
[
cje
ik0·rj |sj〉+ bj |ej〉
]⊗ |0〉
+
∑
k,σ
ak,σ |G〉 ⊗ |1k,σ〉, (8)
where |ej〉 ≡ |g1, g2, . . . , ej, . . . , gN〉 denotes the state
with atom j in the lower electronically excited state |e〉
and |1k,σ〉 ≡ aˆ†k,σ |0〉 denotes the state of the radiation
field with one photon in mode k, σ. The resulting equa-
tions for the amplitudes are
∂tcj = iΩce
i(kc−k0)·rj bj, (9a)
∂tbj = iΩ
∗
ce
i(k0−kc)·rjcj
+i
∑
k,σ
gk,σe
ik·rjak,σei(ωeg−ωk)t, (9b)
∂tak,σ = ig
∗
k,σ
∑
j
e−ik·rj bjei(ωk−ωeg)t, (9c)
with the initial conditions ak,σ(0) = 0 ∀k, σ, bj(0) =
0 ∀ j and cj(0) given by the solution of Eqs. (7). We
rewrite the last equation for the photon amplitudes in
the integral form,
ak,σ(t) = ig
∗
k,σ
∑
j
e−ik·rj
∫ t
0
dt′bj(t′)ei(ωk−ωeg)t
′
, (10)
and substitute into the previous equation for the atomic
amplitudes bj. We then obtain the usual spontaneous
decay of the atomic state |e〉 with rate Γe, and the Lamb
shift that can be incorporated into ωeg [45, 46]. We
assume that the mean interatomic distance r¯ij is large
enough, kr¯ij = 2pir¯ij/λ > 1, and neglect the field–
mediated interactions between the atoms [28, 47, 48].
The equations for the atomic amplitudes reduce to
∂tcj = iΩce
i(kc−k0)·rjbj , (11a)
∂tbj = −1
2
Γebj + iΩ
∗
ce
i(k0−kc)·rjcj . (11b)
Assuming Γe ≫ |Ωc| and setting ∂tbj = 0, we obtain
bj(t) = icj(0)e
i(k0−kc)·rj Ω
∗
c(t)
Γe/2
e−
∫ t
0
dt′ |Ωc(t
′)|2
Γe/2 .
8The amplitudes for the emission of the photon into states
|1k〉 are then
ak(t) = −g˜k(t)
∑
j
cj(0)e
i(k0−kc−k)·rj , (12)
g˜k(t) ≡ gk
∫ t
0
dt′
Ω∗c(t
′)
Γe/2
ei(ωk−ωeg)t
′
e−
∫ t′
0
dt′′
|Ωc(t
′′)|2
Γe/2 ,
where for simplicity we assume an isotropic atomic
dipole, with gk,σ = gk = ℘eg
√
ωk
2h¯ǫoV
being a smooth
function of frequency ωk. In the case of a time-
independent control field Ωc, the dimensionless coupling
g˜k reduces to
g˜k(t) =
gkΩ
∗
c
Γe/2
1− ei(ωk−ωeg)te− |Ωc|
2
Γe/2
t
(ωk − ωeg) + i |Ωc|2Γe/2
→ gkΩ
∗
c
Γe(ωk − ωeg)/2 + i|Ωc|2 for t≫ w
−1,
which is strongly peaked at frequency ωk = ωeg with a
narrow linewidth w = |Ωc|
2
Γe/2
.
Electromagnetically Induced Transparency for the spin-wave
to photon conversion
The single Rydberg excitation spin-wave of the atomic
ensemble, which we convert with the resonant control
field Ωc to a single photon propagating in the phase-
matched direction k = k0 − kc ‖ ez, is equivalent to a
coherently and reversibly stored single photon using elec-
tromagnetically induced transparency (EIT) [12, 49, 50].
Non-linear quantum optics using Rydberg EIT with lad-
der configuration of the atomic levels has recently been
the subject of extensive research [51, 52]. Here we are
concerned only with the linear regime as we are dealing
with a single atomic/photonic excitation.
We consider a one dimensional propagation and in-
teraction of a quantum field Eˆ with the atomic medium
on the transition |g〉 ↔ |e〉, in the presence of the con-
trol field Ωc resonantly driving the adjacent transition
|e〉 ↔ |s〉 to the Rydberg state, ωc = ωse. The quan-
tum field of carrier frequency ωp ≃ ωeg and wave number
ωp/c is described by the slowly varying in time and space
operator Eˆ(z, t) = 1√
L
∑
k aˆke
i(k−ωp/c)zeiωpt, where L is
the length of the quantization volume V = AL. The field
operators obey the commutation relations [Eˆ(z), Eˆ(z′)] =
[Eˆ†(z), Eˆ†(z′)] = 0 and [Eˆ(z), Eˆ†(z′)] = δ(z − z′) which
follow from the bosonic nature of operators aˆk, aˆ
†
k for
the individual longitudinal modes k. We assume that
atom-field coupling strength g = ℘eg
√
ωp
2h¯ǫoA
is nearly
uniform within the relevant frequency bandwidth w. In
the frame rotating with frequencies ωp and ωc, the Hamil-
tonian reads (cf. H2 of Eq. (4) in the main text),
H ′2/h¯ = −ic
∫
dz Eˆ†(z) ∂zEˆ(z)
−
∫
dzρ(z)
[
∆p
(
σˆee(z) + σˆss(z)
)
+
(
gEˆ(z)σˆeg(z) + Ωcσˆse(z) + H.c.
)]
,(13)
where ∆p = ωp − ωeg is the detuning, ρ(z) is the lin-
ear density of atoms, and we use the continuous atomic
operators σˆµν(z) ≡ 1Nz
∑Nz
i |µ〉i〈ν| averaged over Nz =
ρ(z)∆z ≫ 1 atoms within a small interval ∆z around
position z [12]. These operators obey the relations
σˆµν(z)σˆν′µ′(z
′) = σˆµµ′(z)δνν′δ(z − z′)/ρ(z).
Using the above Hamiltonian, while assuming that
most of the atoms are in the ground state |g〉 (so we
can set σˆgg ≃ 1 and σˆee, σˆes → 0), we obtain the fol-
lowing Heisenberg equations of motion for the field Eˆ(z),
atomic polarization Pˆ (z) ≡
√
ρ(z)σˆge(z), and Rydberg
excitation spin-wave Sˆ(z) ≡
√
ρ(z)σˆgs(z) operators,
(∂t + c∂z)Eˆ(z) = ig
√
ρ(z)Pˆ (z), (14)
∂tPˆ (z) = (i∆p − γe)Pˆ (z) + ig
√
ρ(z)Eˆ(z) + iΩ∗c Sˆ(z), (15)
∂tSˆ(z) = (i∆p − γs)Sˆ(z) + iΩ∗c Pˆ (z), (16)
where γe >∼ Γe/2 and γs = Γs/2 + γsg are the atomic
relaxation rates, and we neglect the associated Langevin
noise as it does not affect our results [12, 49, 50].
In the stationary regime, we can solve the above equa-
tions in the steady state to obtain the field propagation
equation ∂zEˆ = iωp2c χ Eˆ with the medium susceptibility
χ(z,∆p) =
2
ωp
ig2ρ(z)
γe − i∆p + |Ωc|2γs−i∆p
. (17)
In the presence of the control field Ωc 6= 0 and small γs ≪
w (as is the case for the long-lived Rydberg states, Γs ≈
n−3Γe), we have vanishing absorption
ωp
2c Imχ(z, 0) → 0
of the EIT medium for the resonant probe field, ∆p = 0
[12, 49, 50]. Importantly the EIT bandwidth w = |Ωc|
2
γe
is the same as that of the single photon resulting from
the conversion of the Rydberg excitation spin-wave by
the control field. This is because the two processes are
closely related, as will become apparent shortly.
Consider the adiabatic conversion of excitation be-
tween the spin-wave Sˆ(z, t) and field Eˆ(z, t) using the
time-dependent control field Ωc(t). For ∆p = 0 and
neglecting the Rydberg state relaxation γs, combin-
ing Eqs. (14) and (16) we obtain (∂t + c∂z)Eˆ(z, t) =
g
√
ρ(z)
Ωc(t)
∂tSˆ(z, t). Following [49], we define the dark-state
polariton operator Ψˆ = cosΘ Eˆ − sinΘ Sˆ which is a co-
herent superposition of the field and spin-wave operators,
with the mixing angle defined via tanΘ =
g
√
ρ
Ωc
. The
propagation equation for the dark-state polariton is(
∂t + v(t)∂z
)
Ψˆ(z, t) = 0, (18)
9where v(t) = c cos2Θ(t) is the group velocity. It has a
simple solution Ψˆ(z, t) = Ψˆ
(
z − ∫ t
0
v(t′)dt′, t = 0
)
, which
describes a state and shape preserving propagation of the
combined field and atomic spin-wave excitation with the
time dependent group velocity v(t). For Ωc = 0 (cosΘ =
0) we have the stationary (v = 0) spin-wave Ψˆ = −Sˆ.
Turning on the control field Ωc converts the spin-wave
into a photon propagating without absorption with the
velocity v → c as Ωc ≫ g√ρ (cosΘ = 1).
Singe-step creation of the photon
We now consider a constant control field Ωc 6= 0, and
time-dependent excitation field Ω(t) acting simultane-
ously on the atoms. Combining Eqs. (7) and (11), we
have
∂tc0 = i
N∑
j=1
D˜∗j cj , (19a)
∂tcj = i(δ˜j − Γs/2)cj + iD˜j c˜0 + iΩcei(kc−k0)·rjbj , (19b)
∂tbj = −1
2
Γebj + iΩ
∗
ce
i(k0−kc)·rjcj . (19c)
Assuming |Ωc| < Γe/2 and small decay and two-photon
detuning of the Rydberg state Γs, δ˜j ≪ w = |Ωc|
2
Γe/2
, we
obtain
bj(t) = −c0(t)ei(k0−kc)·rj D˜j
Ωc
,
c0(t) = c0(0)e
− ∫ t
0
dt′ D¯
2(t′)
w .
With c0(0) = 1, using Eq. (10) we have
ak(t) = ig˜k(t)
∑
j
Dj
∆
ei(k0−kc−k)·rj , (20)
g˜k(t) ≡ gk
∫ t
0
dt′
Ω(t)
Ωc
ei(ωk−ωeg)t
′
e−
∫
t
0
dt′′ D¯
2(t′′)
w ,
which is equivalent to Eq. (12) since there cj(0) ∝
−Dj/∆.
Atomic parameters
There are several possible choices of the atoms and
their Rydberg states to implement our scheme sketched
in Fig. 1 of the main text. One possibility is to use for
the source a single trapped Cs atom with Rydberg states
|u〉 ≡ |70P3/2,mj = 1/2〉 and |d〉 ≡ |70S1/2,mj = 1/2〉,
while the medium atoms are Rb with Rydberg states
|i〉 ≡ |58P3/2,mj = 3/2〉 and |s〉 ≡ |57D5/2,mj = 3/2〉,
with the quantization direction along y (∆mj = 0). Us-
ing the quantum defects for the corresponding states of
Cs and Rb [15], we have ∆sa ≡ ωud−ωsi = −2pi×94MHz.
Calculation of the transition dipole moments ℘du and ℘si
involving the radial [53] and angular parts, leads to the
coefficient C3 = 11.7 GHz µm
3. We use these param-
eters in the numerical simulations yielding the results
presented in Figs. 2 and 3 of the main text.
Alternatively, both the source and the medium atoms
can be of the same species, e.g. Rb. One possible choice
of Rydberg levels of Rb is: |u〉 ≡ |70P3/2,mj = 3/2〉
and |d〉 ≡ |68D5/2,mj = 3/2〉 for the source, and |i〉 ≡
|64P3/2,mj = 1/2〉 and |s〉 ≡ |65S1/2,mj = 1/2〉 for
the medium atoms. This leads to ∆sa ≡ ωud − ωsi =
−2pi × 92MHz and C3 = 16.1 GHzµm3.
Another choice of Rydberg levels of Rb could be: |u〉 ≡
|71P1/2,mj = 1/2〉 and |d〉 ≡ |69D3/2,mj = 1/2〉 for
the source, and |i〉 ≡ |65P3/2,mj = 1/2〉 and |s〉 ≡
|66S1/2,mj = 1/2〉 for the medium atoms. This leads
to ∆sa ≡ ωud − ωsi = −2pi × 86 MHz and even stronger
dipole-dipole interaction coefficient C3 = 20.3 GHzµm
3.
Multiple atomic excitations and transitions to other
states
In the main text, we considered a rather idealized setup
involving four levels of the medium atoms and assuming
that the transition to state |s〉 is accompanied by the
transition of the source atom from state |u〉 to state |d〉.
There may be, however, transitions outside this manifold
of states.
Thus, some of the medium atoms may not reach state
|s〉 because of residual excitation of non-resonant inter-
mediate state(s) |i′〉 with Rabi frequency Ω′ and detun-
ing ∆′ ≫ Ω′. The small probability of exciting an atom
to a state |i′〉 is Pi′ ≃ 12 |Ω′/∆′|2. Such atoms do not res-
onantly couple to the control field Ωc and will not partic-
ipate in the collective photon emission on the transition
|e〉 → |g〉. Yet, the Rydberg states |i′〉 will eventually
decay back to the ground state via cascade of intermedi-
ate states, with a small fraction Peg of the decay paths
proceeding through the |e〉 → |g〉 transition and emit-
ting a photon that has spectral overlap with the directed
single photon. The probability of such a spontaneously
emitted photon overlapping spatially with the collective
mode is P∆Ω ≃ ∆Ω4π = 1−cos∆θ2 . We can therefore es-
timate the probability of multiple photon emission as
P>1 ≃ NPi′PegP∆Ω. Using parameters from Figs. 2
and 3, and assuming Ω′ ≃ Ω and ∆′ >∼ ∆, we have
Pi′ <∼ 0.008, P∆Ω ≃ 0.012, and taking Peg = 0.1 with
N = 1000 we find P>1 ≃ 0.01, which verifies the single
photon character of the emission.
Similar arguments apply to non-resonant excitation of
multiple atoms to the intermediate state |i〉 with proba-
bility Pi ≃ |Ω/∆|2 ≪ 1: only one, out of all NPi atoms,
can be promoted to state |s〉, because the transition of
the medium atoms from state |i〉 to state |s〉 is, by ne-
cessity, accompanied by the transition of the source atom
from state |u〉 to state |d〉, as the latter has to supply
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the microwave photon energy ωud. The success of this
process can be verified by detecting the source atom in
state |d〉. If, however, the medium atoms are transferred
to some other state |s′〉, and correspondingly the source
atom to another state |d′〉, it can also be detected by the
same measurement.
We finally stress that multiple excitations of the
medium atoms to state |s〉 (or |s′〉) are impossible, if
initially there is only one source atom in state |u〉, while
even a single Rydberg excitation to state |s〉 will not take
place (and the optical photon will not be emitted) if there
is initially no source atom in state |u〉.
